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I. INTRODUCTION

A Blast wave is known to change its typical level-ground peak
pressure and waveform characteristics when it travels over hills or
through valleys, or whenever the blast wave encounters non-level
terrainl-S. On rising slopes or in converging valleys, there is an
increase in pressure. On falling slopes there is usually the opposite
effect - a decay of pressure at the front of the blast wave with some
rounding off of the waveform after the initial pressure rise.

Many of the prediction techniques were developed in the mid 1950's®
with very few verifying tests. The Ballistic Research Laboratory (BRL)
has undertaken a program to evaluate the currently accepted prediction
techniques® when applied to a combination of terrain features which
might be present in a real field scenerio.

As a part of this program, a contract, DAA05-77-C-072, was awarded
to Scientific Service, Inc (SSI) to design a suitable terrain model,
to make instrumentation recommendations, and to make pressure-time
predictions of blast wave histories for the test program. A prototype
scenerio was furnished to SSI by BRL with a suggested weapon yield of
125 kt at a height of burst (HOB) of 300 m to be simulated by the test.
A 1/500 scale was chosen which called for 454 g of bare spherical
pentolite charges to be fired above the terrain model at 0.6 m height.

Reference 7 gives the detailed predictions made by SSI for the
terrain model to be used. This is described in their contract report.
The purpose of this report is to describe the experiment as conducted by
BRL at the Socorro, NM test site operated by the New Mexico Institute of
Mining § Technology and to compare the results with the predictions of
blast waveforms as given by SSI. Differences between predicted blast
wave values using current prediction techniques presented in Reference 6
and the test results will be highlighted.

1. H4. Polachek and R. J. Seeger, "Regular Reflection of Shocks in Ideal
Gases" Navy Department, February 12, 1944.

2. W. Bleakney, "The Diffraction of Shock Waves around Obstacles and
the Transient Loading of Structures', Princeton University Dept. of
Physics Technical Report II-3, March 16, 1950.

3. D. White, "An Experimental Survey of the Mach Reflection of Shock
Waves", Princeton University Dept of Physics Technical Report II-10,
August 21, 1951.

K. Kaplan, "Effects of Topography in High Shock Strength Regions!,
URS Corporation, Burlingame, Califormia, January 1965.
- J. H. Keefer and D. Day, "Terrain Effects on Blast Wave Parameters',
Ballistic Research Laboratories Report No. 1319, April 1966. (AD #488080)
- K. Kaplan, N. R. Wallace, and A. B. Willoughby, "Effects of Topography
and Shielding", Prepared as Section 501 and 502 "Nuclear Weapons
Blast Phenomena (U)", DASA-1200, 1959.

7. K. Kaplan, "Effects of Terrain on Blast Prediction Methods and
Predictions", Scientific Service, Inc, Report 7636-1 Draft, July 1977;
Ballistic Research Laboratory Report ARBRL-CR-00364, January 1, 1978.

(AD #A051569) ‘
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II. EXPERIMENT

This Section has been divided into a description of the scaled
terrain model and a discussion of the instrumentation used.

A. Terrain Model

The test site chosen was one north of the town of Socorro, NM
operated by the New Mexico Institute of Mining and Technology. Con-
struction of the terrain model and support during the test series were
furnished to BRL by the New Mexico Institute.

The model to be built was based upon a real world combination of
terrain features as given by Figure 1. In order to enhance the blast
effects expected from this terrain model the vertical scale, given by
Figure 1, was increased by five times before being scaled to the specific
model dimensions.

The specific field case chosen was one in which a weapon of 125 kt
yield would be fired at a height of 300 m above the ground. By means of
cube root scaling’, and the fact that about half the total weapons yield
goes into blast, the weapon yield was scaled down to a 0.454 kg high
explosive charge by a scale of 500 :1. The 300 m burst height becomes
0.6 m when scaled for the model., Figure 2 shows the contours for the
1/500th scale model. The 200 metre level of Figure 1 was taken at zero
level for the model, Figure 2. The test model was limited to that
portion shown with the labeled contours. Figure 3 shows the test site
with a portion of the model in view.

The test blast lines were arranged so as to cover as many cases of
rising slopes, falling slopes, and channeling as possible. The reference
blast lines (nearly flat terrain), were arranged so that a reference
station would correspond to each test station on each of the test lines
to be recorded. Figure 4 shows a sketch of the location of blast lines
A and B, Figures 5 and 6 show some of the transducer stations. Other
blast lines are given in Figures 7-11. All blast line stations were
measured at horizontal distances from ground zero.

Figure 11-A shows how the bare spherical 50/50 pentolite charges were
hung in position from the firing stand over ground zero (GZ). Tie downs
were used to restrain the charge to the 0.6 m height. Very light nylon
hair nets were used to contain the charge. The detonator was always
positioned backwards away from the reference blast line. RP80 exploding
bridge wire detonators were used with two disks of 0.042 thick Data
Sheet at the bottom of the detonator hole.

Figure 11-B shows the transducer block used at Station 1, directly
under the charge. All transducers were electrically insulated with a
nylon bushing from the lead mounting blocks. All mounting blocks were
buried flush with the ground surface. All transducer cables were

10
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(A) VIEW OF SITE

(B) LINES A-1 AND A-2

Figure 3. View of Socorro Test Site - Lines A-1 and A-2
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Figure 5. Photograph of Line A-1
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Figure 6. Photograph of Line B-1
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Figure 8. Photograph of Lines C-1, C-4, and C-5

Figure 9. Photograph of Lines C-2, C-3, and C-5
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(B) TRANSDUCGER BLOCK
POST - SHOT

Figure 11. Photograph of Change and Transducer Block
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buried a few inches underground for the length of the hlast lines,
plus a length two or three metres beyond the last station. Cable noise
on the recording channels was kept to a minimum in this way.

Transducer locations for each blast line are indicated in Table I for
the shot sequences fired during the test program. All transducers on
the test blast lines were matched at equal horizontal distances with
those on the flat terrain reference blast lines. Table II gives a listing
of pertinent information for the reference stations including predicted
peak overpressure and duration of the blast wave.

B. Instrumentation

A block diagram of the data acquisition-reduction system is shown in
Figure 12. Two types of high natural frequency crystal transducers were
used for the tests. One group of transducers was PCB Piezotronics
Series 113A and the other was Susquehanna Instruments Model ST-4, 10,000.
Both have crystal elements, quartz and tourmaline, respectively. The
PCB series has built-in amplifiers and the ST-4 series uses external
ones. All transducers were mounted in lead bricks with nylon bushings
to electrically insulate the transducers from the ground. RG-58
coaxial cable was used to connect the transducers to the tape recorders
in the recording trailer located about 250 m from the test site.

Honeywell 7600, 80 kHz tape machines were used to record and play-

back the pressure-time signals from the transducers. An oscillograph
provided a quick look at the analog data at the test site. Final data
reduction converted the FM analog signal to digital which was converted
by computer to engineering units, listed, and then plotted.

III. RESULTS

The results are presented in two parts, pressure-time traces for
each transducer station and tables of blast parameters.

A. Pressure-Time Traces

A total of twenty shots was fired according to the shot sequence
given in Table III. Some trouble was experienced by misfires as
noted by the missing shot numbers. Initially, the firing line from
the field firing set was about 250 m long from the instrumentation trailer
to the test site firing position (GZ). The problem of misfires was
corrected by moving the firing set to the edge of the test site, about
10 m from GZ. The longer firing line apparently dropped the 5000 VDC
firing voltage to a lower value which just allowed the bridge wire to
burn and not to explode. The pentolite charge did not detonate but
simply shattered into a great many pieces. The shorter firing line,
in any case, corrected the problem of misfires.
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Table III lists the successful shots with pertinent charge data,
blast line location, and ambient atmospheric conditions at shot time.

Typical pressure-time traces are given in Figures 13-15. Figure
13 and 14 are taken from Line A-1; Figure 15 is from Line C-1. The
first group of traces show the narrow reflection peak caused at the
beginning of a rising slope and the change with distance as the blast
wave travels up the slope.

The second group of traces, Figure 14, illustrates the rounding of
the waveform as the blast wave traveled down the falling slope. Note
that the initial blast front is strongly degraded for stations just
over the crest of the hill. The blast wave tends to recover to a more
classical wave shape (as shown by the reference line) as the blast
wave moves farther down the slope.

The third set of records, Figure 15, from Line C-1 illustrate
what happens when the blast wave is channeled through a valley. The
pressure-time trace show peaked waveforms vary similar to the flat
terrain reference line. A more complete set of pressure-time traces
is presented as Appendix A.

B. Blast Parameters

The measured blast parameters are listed in Tables IV-IX according
to blast lines and shot numbers. Ground range was measured horizontally
from ground zero, directly under the explosive charge, to the transducer's
location. This distance is equal to that of the corresponding transducer
on the reference flat terrain blast line. Thus the blast parameters
obtained from the two lines can be compared.

Elevation was measured from zero level chosen for the terrain model.
It corresponds to the full scale 200 m level of Figure 2 in Section II.
The slope angle (6 ) was measured on a line drawn perpendicular to the
contour at the trafsducer location.

Arrival time was measured from the time the charge was detonated to
the arrival of the blast wave at the transducer station. Maximum
overpressure was generally the initial peak value. Maximum blast
overpressure did occur after the initial rise for blast records
from some falling slope stations. The positive duration of the blast
wave was measured from the initial rise of the overpressure
to a time when it reached a zero value.

It should be noted that overpressure values presented are taken from

raw data values, and have not yet been scaled to standard sea level
conditions in this group of tables.
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Figure 13. Records from Rising Slopes
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Figure 14. Records from Falling Slopes
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C. High Speed Photography

High speed photographs were taken by two Fastex framing cameras
running at about 2000 pps. Fields of view covered the area from ground
zero to the end of the particular blast line being photographed. For
this, a black and white diagionally striped backdrop was placed behind
the blast line. When a blast wave travels along a terrain feature in
front of the backdrops, the change in air density across the blast
wave front will cause apparent bending of the straight diagonal lines
on the backdrop. The method used is illustrated by the pictures in
Figure 16.

The backdrop method worked quite well when the terrain feature
was close to ground zero or for Line B-1. When the blast wave became
weaker at the greater distances from ground zero, the blast wave was
not visible on the backdrop.

Appendix B shows a more complete set of pictures from Shot 8,
Line B-1 than given in Figure 16; it also shows a schematic of the camera
positions.

IV. ANALYSIS
The ana1y51s section will review briefly the prediction techniques
that were used’ to define the pressure-time records expected from the
experiment. After scaling the data from the experiment, the data are

compared with those predicted.

A. Prediction Techniques

Free field peak values of blast wave overpressure and positive
durations pre-shot predictions were made for each station of the
reference blast by means of the graph of Figure 17. The values of
peak pressure, P(0), and positive duration T, were used in Equation 1
to calculate points along the pressure-time profile for the blast wave
along the flat reference blast line:

P(t) = P(0) [l—ft/'r)] e~ T (1)
where o= 1 for P(0) < 140 k Pa and a = 0.04 P(0) °*®° for P(0) > 140 kPa.

A similar expression from Reference 8, Equation 2, may be used to define
the pressure-time profile for a nuclear burst:

8. H. L. Brode, "A Review of Nuclear Explosion Phenomena Pertinent to
Protective Construction", The Rand Corporation, Santa Monica, California,
May 1964.
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(A) TIME AFTER DETONATION-6.2ms

- ERPREAIRE oy o

L

(B) TIME AFTER DETONATION-10.6 ms

Figure 16. High Speed Photographs - Line B-1, Camera II
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P(t) = P(0) [1 -(t/TJ [ae‘“t/ Ty be P Ty oM/ T}, (2)

where a, b, c, a, B, and o are functions of P(0}, the initial incident
peak overpressure.

The techniques used to predict the blast wave profile when affected
by terrain features are divided into effects caused by rising slopes;
falling slopes, and by valley channeling. Figure 18-A shows a blast
wave approaching a slope from a non-normal direction to the slope
contours. A modified slope angle is found for this general case.
Figure 18-B shows a cross section of such a slope. ¢ is the angle
between the blast wave's direction of travel and the normal to the
terrain contour at the target (transducer) location. The slope angle
of the terrain feature is defined as €.,. The true slope angle, 6, as
seen by the blast wave, is approximatea by the easier to find angle,
6'7. The value of tan 6' may be found by combining the triangles of
Figure 18-B to give the relationship shown es Equation 3:

tan 6" = tan 6, cos ¢, (3)

where the angles are those defined in Figure 18. Table X lists some
examples of these angles as given in Reference 7.

Figures 19-22 were then used to predict the terrain effect on the
peak pressure and pressure-time history at a specific target location.
The incident peak overpressure used for each of the figures is the
value predicted for the flat terrain reference blast line. The
predictions from Reference 7 are taken from two sources: (1) Whitham
Theory and (2) results collected from previous small charge experiments.
Both techniques are used to create the curves shown. The parameter
t/L is calculated for times t, after the blast wave has arrival at
the target station, a distance L, measured from the first slope change
encountered on the terrain as measured from the level reference area.
The wave shape behind the initial blast front was then predicted from
a series of t/L values. After a time equivalent to a value of t/L of
about 0.1 ms/m a smooth exponential delay was predicted by means of
Equation 1 for the remaining postive duration, Tt.

The peak pressure caused by the terrain effect of a valley is
predicted directly from Figure 23 for a given combination of angles
87 + 6,. If the direction of propagation is greater than 20 deg,
tﬁen the terrain feature is to be treated as a series of slopes instead
of a valley. The pressure-time history is found again from Equation 1
if the terrain is treated as a valley. Figures 20-22 would be used if
‘the terrain effect is one of slopes combined with a valley.

Station C-1-10 was located in a V-type valley with a combined angle
(67 = 22° and 8, = 15°)of 37°. This is somewhat different from that
used for the pre-shot prediction for this station given in Reference 7.
A new prediction was made for the slope angles as measured from the
field model. Table XI lists the actual model slopes for all the
stations used.
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Figure 18. Effective Slope Angle
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Table X. Modified Effective Slope Angle 6'

Modified Effective

Slope Angle es Azimuth Angle ¢ Slope Angle o'
(deg) (deg) (deg)
10 ' 20 - 9.4

40 7.7
60 5.0
20 20 18.9
40 15.6
60 10.3
30 20 28.5
40 23.9
60 16.1
40 20 38.3
40 32.7
60 22.8
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Figure 19. Overpressure at the Shock Front on a Rising Slope
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Figure 20. Rising Slope Pressure Ratios as a Function of t/L
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SHOCK-FRONT (ZERO-TIME) OVERPRESSURE (kPa)

(psi)
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Figure 21. Overpressure at the Shock Front on a Falling
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B. Comparison of Data with Predictions

The primary purpose of this test series as stated in the Introduction
was to determine how satisfactory the current prediction techniques are
for blast wave interaction with terrain features for a real scenerio
situation. A comparison will be made in this section of measured
pressure-time blast wave histories with those predicted in Reference 7.

Since all the. pre-shot predictions were made for sea level standard
conditions, all the test data were scaled to conditions of 0.454 kg
charge weight (W) of TNT detonated at conditions of ambient pressure ;
P = 101.35 kPa and ambient temperature T = 288° K. Scaling laws from
R&ference 9, written in a convenient form®as Equations 4-6, were used to
adjust the experimental data to standard sea level conditions used for
predictionl®, A conversion factor for the equivalent weight of 50/50
pentolite to TNT was included from Reference 11 in the scaling process.
It takes 1.16 times the amount of TNT by weight to equal the pentolite
used during the test program.

The scaled sea level (superscript (0)) values of the data parameters
measured  at the altitude (superscript (h) are found as follows:

Fi L

_ _ ,(h) {101.35\.

S = Ps ( D g (4)
\'o

Peak pressure, P

(h) 1/3
y (5)

B O
101.35./,

1/3
distance, p(® _ p®) [ 0.454 .
1.16 W€

and for arrival time or duration,

: 10 _ o0 [_0.454 >1/3 1P0(h) 1/3 (T m\1/2

A AT 1@ 01.35 288

3, Wilfred E. Baker, "Explosions in Air', University of Texas Press,
Austin, Texas, 1973.

W, W, MeNamara, R. J. Jordano, and P. S. Lewis, "Air Blast from a 1 KT
Nuclear Burst at 60 Meters over an Ideal Surface', Ballistic Research
Laboratory, CR 353, October 1977. (AD #B026325L)

11, "Engineering Design Handbook, "Prineiplee of Explosive Behavior',
AMCP 706-180, Hq. USA Materiel Command, April 1972.
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Scaled impulse may be found by multiplication of Equations 4 and 5.
The result is Equation 7:

(h)
(0 . o) [100.35\ %3 (0.asa  \V3(To )2 D
P:;’h] 1.16W (h) 288

The scaled experimental data are listed by shot number, and trans-
ducer station in Tables XII-XVII. The scaled conditions as noted, are
for explosive charges of bare spherical TNT of 0.454 kg weight fired
at the ambient sea level conditions of pressure of 101.35 kPa and
temperature of 288°C.

Some comparisons of data with predictions are shown in the pressure-
time histories in Figure 24. These will serve to illustrate the major
differences observed. A more complete set of comparisons are given in
Appendix C. The comparisons shown in this appendix are for average
values taken from all the shots recorded at the particular station
which is compared.

Tables XVIII summarizes two average blast wave parameters - initial
overpressure and postive phase duration. An inspection of the average
experimential flat terrain pressures shows deviations from the predicted
values. Since inaccurate prediction for the flat terrain would give
correspondingly inaccurate predictions for the peak pressures from the
slopes, a new set of predictions was made for the various stations by
using the actual experimental field values of flat terrain reference
pressures. Table XIX shows the results for the new predictions.

A comparison was also made of experimental positive impulse as
measured on the slopes with that measured on the flat terrain reference
lines. See Table XX. Again, average values were used for the comparisons.

A comparison of the scaled blast parameters listed in Tables XVIII-
XX is made on the plots shown as Figures 25-27. An overview of all the
data from the several blast lines can be seen from the plots. The
data appear quite scattered, partly because there were several different
slopes and different approach angles. Also, the terrain features
varied from line to line for a given ground range. Some trends can be
seen in spite of these limitations.

A look at Figure 25 shows the scaled measured blast overpressure
from the flat terrain reference lines do fit the prediction curve quite
well. An inspection of the data from the several blast lines with
terrain features indicates increased pressure on the rising slopes and
decreased pressures on the falling slopes. At distances beyond the
terrain features the trend is for the pressure to return to the expected
flat terrain values.
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Figure 26 shows a comparison of the scaled positive duration
obtained from the terrain features with those from the flat terrain.
Predictions from Reference 7 listed the positive durations the same
for the terrain stations as for the level reference stations. The
positive duration is seen from Figure 26, however, to decrease on
rising slopes and to increase on the falling slopes when compared to
the durations measured at the flat reference stations.

Figure 27 shows two plots illustrating the combined effects of
pressure and duration on the positive blast wave impulse. The net
effect is an increase in impulse on the rising slopes and a decrease
in impulse on the falling slopes. At the greater distant stations the
impulse values are close to those obtained on the flat terrain reference
line.

No channeling effect was observed at Station 10, Line C-1 located
in the V-bottom valley. Only the expected increased pressure from
the rising slope was noted experimentally.

The Summary and Conclusion Section will summarize these differences
as a function of terrain features.

V. SUMMARY AND CONCLUSIONS

An experimental shot series was fired at the Socorro, NM site to
determine the effect of combined terrain features on a blast wave
crossing the terrain. The test was designed to represent a real
situation scenerio which included hills and valleys combined.

The test with the terrain model was conducted with a nominal 0.454 kg
of bare spherical 50/50 pentolite fired over the model at a burst
height of 0.6 m. The specific simulation was for a weapon with a
yield of 125 kt exploded at a burst height of 300 m. Blast lines and
ground zeros were chosen so as to observe the different effects
on the blast wave by rising slopes, falling slopes, and channeling of
valleys.

Pressure-time histories were recorded at several stations on sets of
test and flat terrain reference blast lines by means of piezolectric
pressure transducers. The experimental data were compared to pre-shot
predictions’. Detailed sets of these comparisons are grouped in
Appendix C.

These graphic comparisons show that in some cases the flat terrain
pre-shot predictions of Reference 7 did not agree with the experimental
field values obtained. This was primarily because of needed altitude
corrections. Therefore, new initial blast pressure predictions were made
and used as input pressures for the pressure prediction curves for the
rising and falling terrain features.
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Table XXI highlights the major differences hetween these post-shot
predictions and the experimentally measured pressures. A study of this

table indicates that the small charge method of Reference 7 predicted
the initial pressure for the rising slopes to *15% in at a little over
half of the stations. The Whitham Theory predicted with the same
accuracy (*15%) on the rising slopes in about a third of the cases.

Neither of the prediction methods predicted very satisfactorily
the initial pressure on the falling slopes. The apparent difficulty
was to correctly determine the expected shape in rounding of the blast
waveform caused by the falling slopes. In some instances a peaked wave
occurred instead of the predicted rounded wave. As indicated in
Table XXI, percentage error can become quite large (>100%) for such a
case of wrong waveform.

Durations were predicted’ to be the same for all types of terrain
features - the same as for the flat terrain reference lines. Table XXII
shows the errors in positive duration by predicting in this manner.

The durations were predicted as much as 30% too high for the rising
slopes and about the same amount too low on the falling slopes.

No pre-shot predictions were made for impulse. Table XXIII shows,

however, the changes observed in impulse on the slopes when compared

to the impulse on the flat terrain. The pressure increases combined
with the duration decreases on the rising slopes to give a net increase
of impulse over the flat line. As much as a 39% increase was measured
for Line A-1-5a. The falling slopes produced a corresponding decrease
in impulse. For example, this was about a 17% decrease for Line B
Station 11. There were impulse variation in between these extreme$
depending on the previous terrain features.

2

In conclusion, neither of the two prediction methods (Whitham or
Small Charge) used to obtain the blast parameters over multiple
terrain features was found experimentally to give completely satisfactory
answers. Another important consideration in making predictions over
multiple terrain features is that the predictions should consider
altitude of scenerio to be studied. The present set of experiments for
example, were moved from a near - zero elevation to one of about 1,370 m.
This corresponded to a change in ambient pressure of 101.35 kPa at sea
level to about 85 kPa at the elevated New Mexico test site. The blast
overpressure was directly proportional to these values of ambient
pressure and new post-shot predictions were needed. Predictions of
blast over any given terrain should, therefore, use the altitude of
the specific scenerio in order to obtain the most accurate results.
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